Abstract. Sustainable construction materials are increasingly being used to reduce the carbon footprint of modern buildings. These materials have the potential to change the fire dynamics of compartments by altering the compartment energy balance however there is little quantitative understanding of how these materials behave in the event of a real fire. The changes in fire dynamics may be due to increased fuel load in a compartment, reduced time to failure or promotion of flame spread. The objective of this research is to quantify how Phase Change Materials (PCMs) perform in realistic fire scenarios. It was found that a plasterboard product containing microencapsulated PCMs will behave similarly to a charring solid and have the potential to contribute significant fuel to a compartment fire but that they maintain integrity for the duration of flaming period. The critical heat flux for this product was determined in the cone calorimeter to be 17.5 ± 2.5 kW m . Sample orientation was found to increase the peak heat release rate by up to 25%, whilst having little to no effect on the mass loss rate. These parameters, in addition to the in-depth temperature evolution and ignition properties, can be used as design criteria for balancing energy savings with quantified fire performance.
Abstract. Sustainable construction materials are increasingly being used to reduce the carbon footprint of modern buildings. These materials have the potential to change the fire dynamics of compartments by altering the compartment energy balance however there is little quantitative understanding of how these materials behave in the event of a real fire.
The changes in fire dynamics may be due to increased fuel load in a compartment, reduced time to failure or promotion of flame spread. The objective of this research is to quantify how Phase Change Materials (PCMs) perform in realistic fire scenarios. It was found that a plasterboard product containing microencapsulated PCMs will behave similarly to a charring solid and have the potential to contribute significant fuel to a compartment fire but that they maintain integrity for the duration of flaming period. The critical heat flux for this product was determined in the cone calorimeter to be 17.5 ± 2.5 kW m -2
, the peak heat release rate and mass loss rate ranged from 60.2 kW m -2 to 107 kW m -2 and 1.88 g s -1 m -2 to 8.47 g s -1 m -2 respectively for exposures between 20 kW m -2 and 70 kW m
Introduction
The design of buildings is a complicated multi-disciplinary process which requires the balance of many factors, including but not limited to: aesthetics, cost, function, structural stability, fire, and sustainability [1] . In recent times sustainability has become an increasingly important driving factor, with a focus on reducing the carbon footprint and achieving energy savings in the built environment. New and sophisticated novel building materials are rapidly developed to accomplish progressively more stringent sustainability goals before their fire performance can be adequately assessed [2] .
1
Phase change materials (PCMs) are a group of innovative building materials which are becoming increasingly popular because of their potential for reducing building energy consumption [3] . These materials melt during the day, thereby absorbing energy (through heat of fusion) from their surroundings and reducing the need for cooling, and then re-solidify during the evening, releasing their stored energy and reducing the need for heating. Suitable materials need to have a melting point around the intended indoor temperature, be economically viable, and have a high latent heat of fusion. The most commonly used material which fits these criteria is paraffin wax. This wax is often contained within polymer microcapsules and added into the matrix of gypsum to form a rigid wallboard or ceiling tile. Despite their usage as compartment linings there has yet to be any holistic assessment of the risk associated with this material in the event of a real fire.
Existing knowledge is based on compartment linings that are typically nonflammable given the importance of preventing fire spread between compartments [4] . Thus, the flammable nature of PCMs contained within wall linings of compartments presents a currently unquantified fire risk. With existing knowledge it is not possible for designers to quantify the effect that these materials will have on the design fire and the fuel load within the compartment.
Current standard fire test methods are useful for comparing similar materials but do not deliver adequate understanding of how the materials behave in the event of a fire to allow quantifiable fire safety performance. Therefore, it is necessary to develop test methods specifically tailored towards these new innovative materials. These methods must quantify how the material behaves in realistic fire scenarios that can be extrapolated to conditions typical of modern architecture. Quantifying the fire performance enables designers to safely incorporate these materials in buildings by understanding the associated fire risk, and balancing with the potential benefits.
In this work, commercially available plasterboard containing phase change material is characterised and the fire risk associated is quantified through testing in the cone calorimeter. This knowledge can be used to mitigate the risk associated with these materials in post-flashover fires.
Flammability of Materials
A 25 mm thick PCM plasterboard product has been used in this study. The core of the microencapsulated PCM is a blend of paraffin waxes, the exact composition of which is not known. The manufacturer describes the shell is as a highly cross linked polymer. The same PCM microcapsules have been studied previously using Thermogravimetric Analysis (TGA) [5] . This identified a major exothermic oxidative reaction at 199 and 233°C for heating rates of 1 and 5°C min -1 respectively. This corresponds to the core material escaping upon reaching the boiling point of the paraffin wax, and then reacting with oxygen present in air. A further series of minor exothermic oxidative reactions up to 450°C relates to the decomposition and pyrolysis of the polymer shell. Each of these steps also occur when the PCM is included as part of plasterboard, although some of the reactions overlap with gypsum reactions as detailed below. [6] list the ranges as 80°C to 120°C for the first reaction, and the second reaction is complete by 200°C. A significant amount of energy is absorbed owing to the endothermic nature of these reactions, and is an important contributor to the performance of plasterboard in fire. Decomposition of calcium carbonate is often evident within a range of 600°C to 700°C. Additives may be included to improve the performance of the board for a given purpose, for example, calcite to improve sound insulation or glass fibres to improve fire performance. These will typically add further degradation steps to those listed above [7] .
An abundance of literature is available on the general thermal degradation of gypsum plasterboard and its performance in standard fire tests. However, there is little data on its performance in bench-scale calorimetry, and generally the data that is available utilises plasterboard with combustible paper facings. The PCM plasterboard in this research has a non-combustible nonwoven glass fibre facing, and contains additional glass fibres throughout the core to reduce cracking. However, full details of the additives are not known.
As a comparison to ordinary gypsum board it is necessary to quantify or estimate the amount of energy released by a paper faced board. The thickness of the paper facing for a gypsum board can be modified to achieve the desired rating in the European standards system [8] . The maximum weight which will allow a B classification is 320 g m -2 [9] . The heat of combustion for the paper facing can be estimated from values of 12.7 MJ kg -1 for magazine paper [10] , 14.1 MJ kg -1 for corrugated cardboard [11] , or 17.5 MJ kg -1 for pure cellulose [12] . This leads to an upper bound limit for the amount of energy which can be produced by a paper lining as 4.2 MJ m -2 , 4.5 MJ m -2 , or 5.6 MJ m -2 respectively. Additionally, Mowrer [13] has quantified the energy released from plasterboard with 220 g m -2 of paper facing, which would achieve Class A2 [9] in the European classification system. When exposed to 50 kW m -2 this released 1.6 MJ m -2 , thus deriving an effective heat of combustion of 7.2 kJ g -1 .
Thermal Analysis of PCM Plasterboard
Simultaneous Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) was conducted to compare the performance of the plasterboard to that reported in the literature. Heating rates of 1°C min -1 , 2.5°C min
and 5°C min -1 were used in both air and nitrogen atmospheres (50 ml min . Derivative mass loss to evaluate the rate of reactions is also given in Fig. 3 . Samples were taken from the centre of the PCM plasterboard and found to be sufficiently homogeneous to ensure very good repeatability. In tandem with the existing TGA data of the microcapsules Fire Performance of Phase Change Material Enhanced Plasterboard [5, 14] this provides a means to interpret the thermal degradation of integrated PCM plasterboard. More details on the experimental setup can be found elsewhere [15] . The mass loss rate confirms that the thermal degradation is a combination of the PCM and plasterboard. The endothermic dehydration reactions of gypsum are Fire Technology 2017 present in both air and nitrogen at 85°C to 150°C, with maximum decomposition rate at 120°C. The primary component of the PCM degradation is the evaporation and exothermic oxidation of the paraffin wax between 210°C and 250°C with peak degradation at 225°C (in air), similar to the peak observed previously at 233°C [5] . The exothermic nature of this reaction is confirmed with the DSC results. This agrees well with the testing of other microcapsules in the literature [16] [17] [18] [19] [20] . The moving of the exothermic peak represents only a negligible decrease in thermal stability of the PCM in plasterboard when compared to testing PCM microcapsules without the plasterboard. Other smaller degradation steps in the range of 150°C to 450°C in both air and nitrogen correspond to the pyrolysis of the PCM's polymer shell. Further degradation beyond 450°C are associated with the decomposition of the plasterboard since these were not observed during previous testing of the microcapsules by themselves [5] . Decomposition of the calcium carbonate occurs from 590°C to 735°C, with a peak at 680°C. The two other reactions are assumed to be associated with either additives or impurities in the gypsum [21, 22] .
The total mass lost during the thermal degradation of the PCM is approximately 10%, which is less than the 18% found for the material tested by Asimakopoulou et al. [23] . In an inert environment, the endothermic pyrolysis of the paraffin wax occurs over a higher range. Similar degradation was observed for other heating rates with peaks shifted to lower temperatures for lower heating rates.
Early testing of PCM plasterboard was done by Banu et al. in 1998 [24] . The PCM used was fundamentally different due to the encapsulation methods employed, where impregnation was achieved either by immersion in a bath of fatty acids, or addition of the PCM directly into the matrix. In recent times microencapsulation is the preferred method, and the fire performance of these methods is inherently very different. For this reason it is no longer representative of the modern PCM products found in buildings but is nonetheless a useful body of research, and represents appreciation of the fire risk associated with these materials. 
Fire Performance of Phase Change Material Enhanced Plasterboard
More recent testing was conducted by Asimakopoulou et al. [23] which used thermal analysis and cone calorimeter tests to characterise the behaviour of a PCM plasterboard. The thermal degradation at high heating rates was determined and the flammability was assessed. Furthermore, an attempt to model the fire behaviour using the Fire Dynamics Simulator (NIST, Gaithersburg) was made. The plasterboard was 12.5 mm thick and contained PCM microcapsules, but the overall product was produced by a different manufacturer. The quantity of microcapsules was estimated from TGA as 18% of the total mass, of which approximately 12% was attributed to the paraffin wax and 5% to the shell. Furthermore, the gypsum was lined with a combustible paper facing which contributed to the heat released during testing. Plasterboard with directly impregnated PCM, mentioned previously, had a total energy released of 77.75 MJ m -2 [24] . This suggests that the modern product is less flammable, and the burning time is much lower. The PCM content of the direct impregnation PCM was also higher, at approximately 23% plus 6% combustible paper facing, compared to approximately 10% PCM in this research. These factors combined are likely to contribute to the difference in energy released.
More recent research however found much higher flammability in which the total energy released was found to be 111.40 MJ m -2 at 50 kW m -2 , using the standard cone calorimeter configuration [23] . Whilst this is significantly higher than the material in this research, the TGA results and flaming behaviour were also very different. This underlines the need for quantification of the fire performance of these materials as different formulations will have different burning behaviours.
Experimental Approach
The PCM plasterboard product was tested using modified cone calorimeter [25] setups, as illustrated in Fig. 3 . The sample is of dimensions 100 mm by 100 mm and 25 mm thick wrapped in aluminium foil, and 10 mm of ceramic fibre insulation. A 25 mm thick aluminium block is placed at the rear face of the sample, before the insulation, in order to quantify the boundary condition at the back of the material [26, 27] . The thermal conductivity of the insulation is lower than the specimens tested. Samples weighed 225.02 ± 5.42 g, with a density of 900.08 ± 21.68 kg m -3 . Piloted ignition tests were conducted from 70 kW m -2 until the critical heat flux was found and no flaming ignition occurred. Further testing was then done at 20 kW m -2 , 50 kW m -2 and 70 kW m -2 in order to characterise heat release rate (by oxygen consumption [28] ), mass loss, and the temperature evolution in the material. A minimum of three specimens were tested at each heat flux between the two orientations, mass loss, and temperature measurements. For mass loss, an additional two repetitions were performed at 50 kW m -2 for the horizontal orientation and one additional repetition at 70 kW m -2 for the vertical to be able to calculate suitable error margins. A total of thirty-one specimens are presented, with a further ten specimens tested to explore boundary conditions and ensure pilot ignitor suitability. The heat flux was Fire Technology 2017 measured before every test using a Schmidt-Boelter gauge, and the chamber surrounding the cone heater was allowed to cool to ambient between each test.
Given their usage as wall linings and ceiling panels, samples were tested in the vertical orientation in addition to the standard horizontal orientation (Fig. 4) . In the vertical orientation, a propane torch was introduced 10 mm away and 10 mm above the sample. The torch was a premixed flame 12.5 mm in length, and was removed upon ignition. Previous research has quantified the difference between spark and pilot flame ignition sources in the cone calorimeter. The research found that at high heat fluxes (e.g. 50 kW m -2 and 70 kW m -2 ) the ignition times for horizontal spark and vertical pilot flame were near identical for all the materials studied [29] . For low heat fluxes (e.g. 20 kW m -2 ) ignition took 10% to 55% longer with the pilot flame in the vertical orientation, dependent on the material. Typically the pilot flame reduces time to ignition by 5% to 20% due to the additional radiant heat from the flame. However, some literature indicates that at high heat fluxes the ignition time is sensitive to the pilot location [30] [31] [32] .
Results and Discussion
A summary of the results for each of the heat fluxes and orientations can be found in Table 1 . The critical heat flux was independent of the orientation and Table 1 Summary of Data Obtained from the Cone Tests for 12 min of Exposure Upon exposure to the external radiant heat flux the surface of the material heats up to the first and second dehydration reactions of the gypsum, and driving off the water contained in the specimen. The endothermic nature of these reactions delays the increase in temperature further, and hence postpones ignition. The temperature then increases to the pyrolysis temperature of the PCM, and the paraffin wax contained within is able to escape and mix with air above the sample. This corroborates well with previous work [23] which analysed the remnants of tested microcapsules using a Scanning Electron Microscope (SEM) and confirmed that the paraffin wax was able to escape from the capsules. Once sufficient volume of plasterboard has reached the pyrolysis temperature, the mass flux of the pyrolysis products exceeds the critical value and ignition occurs at the pilot.
Fire Performance of Phase Change Material Enhanced Plasterboard
Specimens were removed after 12 min of testing to maintain consistent exposure, except where thermocouples were present in which case the test duration matched the time taken for the temperatures to reach a steady state, as detailed below. For all heat fluxes, the introduction of ambient air causes rapid cooling of the surface and minor cracking is observed. These were a maximum of 1 mm wide. The cracking for these exposure times did not seem significant thus no substantial investigation was taken into their size, formation or distribution. Cracking is commonly the source of failure in furnaces or fires for ordinary gypsum and thus a significant body of research has been done to evaluate it. Literature relating Fire Performance of Phase Change Material Enhanced Plasterboard cracking depth to the external radiant flux, or total energy absorbed, is available and provides a potential path forward for future study [34] .
The surface of the sample exposed to 20 kW m -2 or below has a browned or blackened surface, with some area of gray (Fig. 6b) . In the 50 kW m -2 the surface is a white or light gray (Fig. 6c) , whilst in the 70 kW m -2 the surface is similar but is brighter and has a tinge of yellow (Fig. 6d) . The discolouration at the highest heat flux may represent thermal decomposition at temperatures not reached in the other tests. However, it is not possible to confirm this without knowledge of the exact gypsum composition.
Thermal Evolution
The temperature histories through the thickness of a specimen exposed to 50 kW m -2 are given in Fig. 7 . Three thermocouples were placed at depths of 4 mm, 12 mm and 20 mm from the surface, and three within the aluminium block to indicate the temperature of the rear face, although these all record the same temperature due to the thermal properties of the block. The cone heater remained on for the duration of the experiment. Three of the major degradation steps found from TGA earlier (Fig. 1) have been marked. Thermal degradation steps of 85°C to 150°C, 210°C to 250°C, and 590°C to 735°C represent, respectively, (I) both dehydration reactions of the gypsum, (II) the major exothermic oxidative reaction of the paraffin wax, and (III) decomposition of the calcium carbonate in the gypsum. The effect of the dehydration reactions of gypsum can be seen, particularly at a depth of 20 mm as the absorbed heat flux is lowest. Close to the surface the temperature increases rapidly and little time is required to drive off the entirety of the water. 
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It can be seen that at least 20 mm of the sample reaches the evaporation temperature of the PCM-after around 40 min-indicating that the total fuel load of PCM will contribute to a fire. The final 5 mm, evident between 20 mm and the rear in the Figure, approaches this temperature point but due to heat losses to the aluminium block it is not reached. The maximum temperature reached is 630°C at 4 mm from the surface, and would expected to be higher at the surface where it is closer to the external radiant heat flux from the cone, and flaming on the surface. This may be high enough for the thermal decomposition of calcium carbonate.
Data on the temperature evolution can be used to calculate the heat flux through the sample as a future part of a fire risk assessment. This will allow the designer to identify the thermal penetration time, temperature of the back face and the amount of material which will undergo pyrolysis. The presence of the aluminium block at the back surface of the specimen will increase the time taken for the thermal wave to reach the back when compared to insulation. Thus, the results will be more onerous. This can be used to identify the currently unquantified change in fire dynamics represented by the addition of PCMs.
In Fig. 8 the in-depth temperatures of the specimen at various time intervals are shown. This illustrates the evolution of the heat transfer through the material over time. The temperature evolution between both Figs. 7 and 8 suggest additional energy generation at temperatures above the oxidation of the PCM. This is evident from the fact that there is more than one peak, and the temperature decrea- Fire Performance of Phase Change Material Enhanced Plasterboard ses to the steady state. This period of elevated temperature above the steady state values is far greater than duration of flaming. For this reason is it believed that additional radiation from flaming is not the cause, but there is insufficient information to be able to identify the source of energy for certain.
Mass Loss and Heat Release
From Fig. 9 it can be seen that the material behaves similarly to a charring solid, and thus the peak of both mass loss rate (MLR) and heat release rate (HRR) are reached shortly after ignition. As evaporation and pyrolysis proceeds a char-like layer will develop which will inhibit both heat and mass transfer to the solid phase in-depth [32] . The cause of this behaviour hypothesised to be due to change the change in thermal properties of the gypsum which reduces its thermal conductivity and density, and increases the permeability. The change of properties are due to the loss of moisture, as well as a change in the crystalline structure of gypsum at higher temperatures [35] . The heat wave penetrates through the specimen but the temperature distribution arising from the low thermal inertia of the plasterboard means that fewer PCM vapours are generated. The reduction of heat transfer to the reaction front causes the MLR and HRR to decay over time. As the flow of flammable gases reduces, a pulsing blue flame is observed on the surface, suggesting lean combustion of the pyrolysis products and evaporated wax. Eventually insufficient vapours will be generated to maintain the pulsing flame and extinction will occur. Mass will continue to be lost due the dehydration and decomposition of the gypsum as well as pyrolysis of the PCM shell and evaporation of the paraffin wax, but without ignition. In the case of the 20 kW m -2 tests Figure 8 . Temperature gradient through sample exposed to 50 kW m 22 . The legend provides, in minutes, the time of each temperature versus depth slice.
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mass lost due to evaporation, pyrolysis and dehydration is clearly visible both before ignition (0 s to 140 ± 10 s) and after ignition (221 ± 14 s to end).
An increase in the incident heat flux increases the magnitude of the peak mass loss rate, and both reduces the time to ignition and the time taken to reach the peak mass loss rate. This behaviour is also observed in charring solids. Following the loss of moisture and change of the crystalline structure of the gypsum, the mass loss rate then tends to an asymptotical value of approximately 1.75 g s -1 m -2 and has reduced dependence on the incident heat flux. This is due to a reduction in the heat transfer rate from the cone heater through this char-like layer to the virgin material below.
The heat release rate over time (Fig. 9b) shows a similar trend to the mass loss rate typical of a material which behaves as a charring solid. This is fundamentally different from paper faced gypsum where a short, sharp peak [23, 33, 36] of similar magnitude is observed (confer with Table 1 ). After this period there is no further contribution to the fire load and the dehydration reactions of the gypsum are able to reduce the rate of heat transfer through the wall. In the case of PCM enhanced plasterboard there are still pyrolysis gases generated through the duration of the test as the material reaches the pyrolysis temperature in-depth. The net result is that the total energy released by PCM-enhanced gypsum is substantially higher (23.7 ± 3.4 MJ m -2 for PCM compared to 1.6-5.6 MJ m -2 for plasterboard products, discussed in Sect. 2). This illustrates that the fire risk associated with ordinary plasterboard is not identical to PCM-enhanced plasterboards. Thus, Fire Performance of Phase Change Material Enhanced Plasterboard the total energy released becomes a more fitting metric than simply the peak heat release rate.
Effect of Sample Orientation
It is known that the sample orientation will affect the time to ignition and HRR of a combustible material when the same ignition source is used in both orientations [37] . The similarity in results of time to ignition for horizontal and vertical match those found in a previous study [29] . The variance of peak HRR against incident heat flux for both orientations is shown in Fig. 10 . Typically the HRR is found to be 10% higher in the vertical which is believed to be due to the differences in surrounding environment, air entrainment, and the feedback from the flame [37] . However, the exact effect of each of these is not known. For this material peak HRR is found to be up to 25% higher at 70 kW m -2 , but with little change at the lowest incident heat flux.
It is evident from Fig. 9 that there is no such increase in MLR, despite the increase in HRR. Previous research also noted that the magnitude of mass loss was independent of orientation [38] . However, in the same research the time to ignition was found to be shorter in the vertical orientation than horizontal, which contradicts other literature [29, 37, 39, 40] . In the other literature the mass loss rates are not given so no comparison can be drawn.
The vertical orientation more closely represents the usage of this material as a wall lining, which also gives the higher HRR. Furthermore, smaller error margins were recorded for all parameters in the vertical instead of the horizontal. This again may be due to the different conditions in the vertical orientation but no 
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quantification is available in the literature. It may be pertinent for designers to consider whether vertical results are more relevant than the widely used horizontal. The material studied does not experience any of the common issues with the vertical orientation, for example, there is no dripping, melting, expanding or contracting.
Conclusions
A quantification of the fire risk associated with a commercially available PCM plasterboard product has been carried out. This has identified the critical heat flux, mass loss rate, heat release rate, time to ignition and temperature evolution of the product at various relevant heat fluxes. It was found that these materials will behave similarly to charring solids and have the potential to contribute significant fuel to a compartment fire but that they maintain integrity for the duration of flaming period. Using TGA and bench-scale test methods the key steps in the chemical decomposition processes have been identified as the dehydration of gypsum between 85°C and 150°C, oxidation of paraffin wax between 210°C and 250°C, and the decomposition of calcium carbonate between 590°C and 735°C. This represents the most complete study of these materials thus far and a useful tool in evaluating the fire risk associated.
This quantification of the fire risk can be used by designers for compartments containing PCMs subjected to a fully developed fire. Using the critical heat flux, heat release per unit area and mass loss rate will allow the contribution to a fire to be quantified and for the fire risk associated with these materials to be mitigated.
Future work could involve larger scale testing to validate the results of this study, characterising the heat flux through the specimen to understand the potential for fire spread through the wall, or the investigation of cracking which is integral to the performance of ordinary plasterboard.
